One sentence summary: Evolutionary conservation of function of a crucial amino acid residue, tyrosine 213 (Y213) in PCNA1 for nuclear localization from malaria parasite to mammal linked with DNA replication and cell proliferation.
INTRODUCTION
Proliferating Cell Nuclear Antigen (PCNA) functions as an indispensable protein for cellular proliferation and genomic stability as it encircles the DNA by forming a trimeric sliding clamp providing processivity to DNA polymerases during DNA synthesis. Associated with this are a plethora of proteins involved in various nucleic acid metabolism pathway including DNA synthesis, such as DNA polymerases; DNA damage during mismatch repair and translesion synthesis, such as FenI; cell cycle regulation and other required cofactors as the replication fork moves on (Maga and Hubscher 2003; Moldovan et al. 2007; Mailand et al. 2013) . Post-translational modifications (PTMs) of PCNA such as ubiquitination, sumoylation, acetylation and phosphorylation play an important role in regulating these reactions. Ubiquitination, sumoylation and acetylation is relatively well studied in human and yeast however, relevance of phosphorylation mediated regulation of PCNA has recently gained momentum (Mailand et al. 2013) .
Unlike most eukaryotes, Plasmodium falciparum has two PCNAs (PfPCNA1 & PfPCNA2) of which PfPCNA1 is involved in DNA replication while both are responsible for DNA damage response during asexual stages of parasite (Mitra et al. 2015) . While investigating PfPCNAs, we found that they may be posttranslationally regulated. Phosphorylation seems to influence the chromatin association and stability of proteins including mammalian PCNA (Wang et al. 2006) . However, regulation of PCNAs through PTMs particularly phosphorylation remains elusive in the parasites.
Till date, there are three phospho-proteomic databases reported for Plasmodium (Solyakov et al. 2011; Treeck et al. 2011; Lasonder et al. 2012) in schizont enriched samples using slightly varying methods and an isobaric tag-based quantitative proteomics and phospho-proteomics analysis during intraerythrocytic cycle of Plasmodium parasites (Pease et al. 2013) . In general, the overall occurrence of phosphorylation at serine/threonine residues in proteins is abundant while tyrosine phosphorylation is relatively rare in P. falciparum. Interestingly, tyrosine-phosphorylated residues were identified in all studies (1.2% by Lasonder et al., 0.51% by Treeck et al. 2011, and 0.6% by Solyakov et al.) . However, PlasmoDB does not account for any conventional tyrosine kinase. Treeck et al. 2011 identified the phosphorylation of S191 of PfPCNA1 (this serine residue is not conserved in PfPCNA2) and the phosphorylation of S203 in PFPCNA2 (not conserved in PfPCNA1) was found in dataset reported by Lasonder et al (Treeck et al. 2011; Lasonder et al. 2015) . Another study involving global analysis of protein expression and phosphorylation across all the three stages of P. falciparum intra-erythrocytic development reported a serine residue (S218) to be phosphorylated in PfPCNA1 during ring stage (this residue is conserved in both the PfPCNAs) apart from S191 phosphorylation during schizont stage (Pease et al. 2013) . Later, phosphorylation of a PCNA1 peptide at three serine residues (S87, S91 and S92) was reported by Wu et al (Wu et al. 2016) .
In mammalian cells, the chromatin loading of HsPCNA upon Y211 phosphorylation by epidermal growth factor receptor (EGFR), provides protection from polyubiquitination (at K164) and degradation by CUL4A E3 ligase and thus plays a role in cell survival (Wang et al. 2006; Lo, Ho and Wang 2012) . Later, cAbl mediated Y211 phosphorylation has been shown to be involved in chromatin association of PCNA, in the absence of EGFR and growth regulation of breast cancer cells (Zhao et al. 2012) . More recently, studies revealed the functional significance of Y211-phosphorylated PCNA, by an ability of EGFR to alter its interaction with mismatch-repair pathway proteins; MutSα and MutSß and interfere with PCNA-dependent MutL activation (Ortega et al. 2015) . Y211 residue of HsPCNA is conserved in PfPCNAs. However, at present there is no report regarding tyrosine phosphorylation of PCNAs in P. falciparum including the available phospho-proteomic databases.
Presence of two PCNA pools in a cellular compartment is well known in mammalian cells, mature neutrophils as well as P. falciparum. PCNA's nuclear distribution changes dramatically during cell cycle in normal as well as in transformed cells (like transformed human amnion cells, AMA; SVK14, A431, HeLa cells). In the S phase, PCNA is localized throughout the nucleoplasm except nucleoli and gradually forms foci throughout the nucleus, including nucleolus by late S phase. (Celis and Celis 1985) . How do PfPCNAs switches their cellular compartment has not yet explored in P. falciparum.
Since PfPCNA1 but not PfPCNA2 is mainly involved in DNA replication during erythrocytic developmental stages in P. falciparum (Mitra et al. 2015) , we aimed to highlight the evolutionary conservation of Y211 of HsPCNA in P. falciparum and elucidate its function along with S191 of PfPCNA1.To explore the possibilities, we created specific point mutations and generated parasite lines over-expressing mutant GFP tagged PfPCNA1. Also, we assessed mutant PfPCNAs for their structural integrity relative to wild-type protein. We further determined the effect on protein localization in transgenic parasites and found Y213 mutation causes loss of nuclear PfPCNA1 pool and crucial for protein function due to inability of Y213F-PCNA1 to functionally complement yeast PCNA mutant strain; and loss of survival advantage conferred to the parasites by WT-PCNA1 under genotoxic stress upon Y213F mutation. An intriguing aspect of parasite kinome is the absence of true tyrosine kinases, as evident from low abundance of tyrosine phosphorylation sites (4.5%), relative to serine (82%) or threonine (13.5%) across different asexual stages of P. falciparum intra-erythrocytic cycle according to a study by Pease et al (Pease et al. 2013) . Altogether, we demonstrate the evolutionary conservation of function of Tyrosine residue in the Apicomplexan parasite and provide evidence of its relevance to fundamental DNA related processes and overall parasite survival.
RESULTS
Trimerization status and secondary structure determination of WT PfPCNA1 and its Y213 and S191 mutant We initiated our study by amino acid sequence alignment and homology modeling of PfPCNAs with ScPCNA and/or HsPCNA to identify a conserved tyrosine residue shown to stabilize HsPCNA onto chromatin following phosphorylation as documented earlier by Wang et al (Wang et al. 2006) . We have identified tyrosine (Y211 of HsPCNA) residue to be conserved at 213 and 210 positions of PfPCNA1 and PfPCNA2, respectively by Clustal W alignment of PCNA sequences as shown in Figure S1A (Supporting Information). We undertook in our study another residue S191 of PfPCNA1 (not conserved in PfPCNA2) shown to be phosphorylated in the schizont stage P. falciparum parasites according to phospho-proteome database (Treeck et al. 2011) . Both these residues are located opposite to each other on PfPCNA1 ring surface for an easy access by the kinases ( Figure S1A and B, Supporting Information).
Further, we examined the importance of Y213 and S191 residues of PfPCNA1, by cloning a tyrosine to phenylalanine (Y213F-PCNA1), a serine to alanine (S191A-PCNA1) and a double mutant (DM-PCNA1) of both in PfPCNA1 to express them as His 6 -fusion proteins. We compared the trimerization properties and molecular conformation of the mutants with wild-type Pf-PCNA1 to check for associated structural alterations. We carried out gel filtration chromatography for each protein using a calibrated Superdex 200-GL/300 column. We observed a single peak for WT-PCNA1, Y213F-PCNA1, S191A-PCNA1 and DM-PCNA1 at ∼10 mL elution volume corresponding to a molecular weight of ∼100 kDa deduced from a standard graph suggesting for a trimer formation in each case (molecular mass for WT-PfPCNA1 trimer deduced was 95.4 kDa) ( Fig. 1A and D) . A standard graph was obtained by plotting elution volume of standard proteins of known molecular masses (Fig. 1E) .
Altogether, it is clearly indicated from gel filtration chromatography results that wild type as well as the mutant PfPCNAs retained their intrinsic trimerization properties in solution.
Circular dichroism (CD) is an extremely sensitive technique to study molecular conformation of proteins and account for the helix content in any polypeptide based on alpha helical, beta sheet and random coils content (Martin and Bayley 2002) . CD spectra in different spectral ranges provides useful information between wild-type and mutant proteins (Kelly and Price 2000) therefore, we did far UV CD analysis using Prodata viewer Spectral data obtained from CD analysis is further analyzed using K2D2 software for secondary structure content determination for the wild-type PfPCNA 1 and mutant proteins and is shown in the above table.
software for WT and mutant PfPCNA1 proteins (Table 1) (Baumruk, Pancoska and Keiderling 1996) . Further, secondary structure content determination for α helix and β sheet was done using K2D2 software. With respect to WT-PCNA1, both Y213 and S191 mutants did not show any considerable upward shift however, a relatively greater upward shift was observed for DM-PCNA1 i.e. towards a less stable form suggesting loss of stability to some extent upon simultaneous mutations of both Y213 and S191 (Fig. 1F) . There was an insignificant change in secondary structure content upon S191A mutation. However, there occurred a change in β-Sheet content in case of both Y213F and Y213F-S191A (DM) mutations of PfPCNA1 (Table 1 ). The results suggest that individual mutation does not affect the molecular conformation of the protein while simultaneous Y213 and S191 mutations may have incurred some structural changes in PfPCNA1 that do not lead to alteration in oligomerization properties of mutant PfPCNA1 proteins.
Functional complementation analysis of WT and mutant PfPCNA1 in yeast
To directly test the importance of Y213 and S191 residues in Pf-PCNA1, we made use of heterologous yeast complementation test. We tested PfPCNA1 constructs carrying Y213F, S191A and Y213F-S191A mutations individually for their ability to complement functional form of ScPCNA in vivo, by cloning into yeast shuttle vector and subsequent transformation of yeast PCNA mutant strain (PY37) as described previously (Mitra et al. 2015) . Interestingly, PfPCNA1 carrying Y213F mutation did not complement the yeast mutant strain while, PfPCNA1 carrying S191A mutation complemented with relatively slow growing colonies compared to WT-PCNA1. DM-PCNA1 was also unable to rescue the mutant strain (Fig. 2) . These results suggest that Y213 is a very crucial, evolutionarily conserved residue with a role in PCNA protein function.
Y213 residue plays a role in nuclear retention of PfPCNA1
Further, we generated P. falciparum parasites over-expressing mutant PfPCNA1 as GFP fusion proteins to assess their cellular localization by live cell imaging (Figure S2A and C; Supporting Information, Fig. 3A ). These parasite lines did not show any apparent phenotypic changes compared to the untransfected 3D7 parasites. Interestingly, majority of the parasites expressing Y213F-PCNA1-GFP showed diffused GFP signals distributed all over the parasite, while parasites expressing S191A-PCNA1-GFP showed nuclear foci in many cells. Again, most parasites showed diffused GFP signals upon DM-PCNA1 expression against Loss of chromatin stability was displayed by Y213F mutant protein, therefore foci bearing parasites were counted for each of the transgenic parasite lines expressing wild-type and mutant PfPCNA1 GFP fusion proteins in trophozoite stage (replicating stage) of the parasites and are shown above corroborating the findings from localization and sub-cellular fractionation studies.
distinct nuclear foci of WT-PCNA1-GFP.We also calculated the number of parasites bearing PCNA1 foci (in trophozoite replicating phase) (Table 2 ).
Subsequently, we carried out sub-cellular fractionation to look at the relative pools of wild-type vs mutant proteins in the cytoplasmic fraction (CF), nuclear-soluble fraction (NsF) and nuclear insoluble fraction (NiF) to confirm our observations. In contrast to WT-PCNA1-GFP, Y213F-PCNA1-GFP protein is reduced drastically in nuclear fractions and mostly observed in cytoplasmic pool with endogenous PfPCNA1 present in both nuclear and CFs. However, a reasonable amount of S191A-PCNA1-GFP protein was present in nuclear fractions similar to endogenous PCNA1 or WT-PCNA1-GFP expressing parasites. DM-PCNA1-GFP expressing parasites showed most dramatic effect on PCNA1 foci formation with mostly cytoplasmic pool of the mutated protein, reflecting a possible outcome of tyrosine mutation in the double mutant protein (Fig. 3B and E) .
This indicates a clear involvement of Y213 in nuclear retention of PfPCNA1 as compared to S191 that does not seem to have major effect on nuclear localization of the protein. All the values were statistically significant ( * P < 0.05 and * * P < 0.01) (Student's t test).
Loss of PfPCNA1 function occurs upon Y213F mutation
Previously, we have reported that over-expression of PfPCNAs provide survival edge to P. falciparum parasites in a genotoxic environment (Mitra et al. 2015) . Similar in vitro parasite survival assay was performed to assess the functionality of mutant PCNA1 proteins upon over-expression in rescuing the parasites from genotoxic stress. We also observed profound upregulation of WT and single mutant proteins after DNA damage except the double mutant parasites that showed marginal upregulation ( Figure  S3A and D, Supporting Information). It is possible that simultaneous mutation of Y213 and S191 residues compromises its overall molecular conformation affecting protein stability in vivo under DNA damage condition. Further, a differential survival response of the parasites was observed in each case. We found both Y213F-PCNA1-GFP (P = 0.0235, 0.0235 for HU and MMS, respectively) and DM-PCNA1-GFP (P = 0.0262, 0.0274 for HU and MMS, respectively) transgenic parasite lines could not survive the DNA damaging effects of MMS or HU (Fig. 4) and showed a response similar to 3D7 untransfected control. However, a moderate rescue (P = 0.0172, 0.0065 for HU and MMS, respectively) was observed in S191A-PCNA1 over-expressing parasites similar to PCNA1-WT over-expression (P = 0.0331, 0.0155 for HU and MMS, respectively) (Fig. 4) . This indicates for a specific loss of functional activity of PCNA1 due to Y213F mutation, since mutation of another potentially phosphorylated residue S191, does not affect PCNA1 function considerably therefore, we conclude Y213 residue of crucial importance to the functioning of PfPCNA1 and cell survival.
DISCUSSION
The diverse role of PCNA is largely due to its post-translational modifications. Monoubiquitylation of PCNA in the event of a stalled replication fork catalyzed by Rad6 (E2) and Rad18 (E3) at lysine 164 triggers the error-prone pathway through Translesional Synthesis (TLS), whereas polyubiquitylation of PCNA paves way to an error-free mode of bypass Kannouche, Wing and Lehmann 2004; Watanabe et al. 2004) . SUMOylation by Siz1 E3 SUMO ligase at K164 and K127 helps prevent uncontrolled recombination (Papouli et al. 2005; Pfander et al. 2005) . When acetylated, PCNA participates in DNA replication; while deacetylation leads to DNA replication termination since deacetylated PCNA complexes show lower DNA polymerization activity than highly acetylated PCNA complexes (Naryzhny and Lee 2004) . Apart from these wellknown modifications of PCNA i.e. ubiquitination and sumoylation, there are evidences of PCNA phosphorylation as well as discussed above.
Our study shows that tyrosine residue is conserved in both PfPCNA1 (Y213) and PfPCNA2 (Y210) with a role of Y213 residue of PfPCNA1 for its nuclear retention. However, unlike HsPCNA, tyrosine phosphorylation of PfPCNAs is neither reported in the Plasmodium phospho-proteome database nor we could detect tyrosine phosphorylation of PfPCNAs by western blotting using phospho-tyrosine specific antibodies under our experimental conditions (data not shown).
Gel filtration chromatography and CD studies with Y213F, S191A or DM-PCNA1 have shown that neither Y213F nor S191A mutation alone or in combination led to a change in trimerization property of PfPCNA1. A similar α-helix and β-sheet contents of S191A mutant and a moderate decrease in α-helix with increase in β-sheet content upon Y213F mutation relative to the wild-type protein from CD spectra suggest that such a change in molecular conformation may not affect the overall intrinsic trimerization behavior significantly.
Localization studies with parasites expressing GFP-fusion WT and mutant PfPCNAs showed significant effect of Y213 mutation on protein localization. In spite of retaining the trimerization property, Y213F mutation of PfPCNA1 lacked characteristic PCNA1 foci formation associated with the nucleus and led to mutant protein delocalization from the chromatin, unlike S191 mutation. Also, DM-PCNA1 showed mostly diffused localization pattern. Our results suggest an important role of Y213 and not S191 in maintaining the nuclear pool of PfPCNA1 in P. falciparum parasites.
More relevant information in terms of functional importance of Y213 residue of PfPCNA1 came from in vivo yeast complementation data and in vitro parasite survival experiments following DNA damage that demonstrated inability of Y213F-PCNA1 and DM-PCNA1 to overcome the effect of DNA damage, unlike that of WT or S191A mutant of PCNA1. We suggest the possibility of a non-functional state of the protein upon mutation where a loss of an evolutionarily conserved crucial residue (Y213) renders the protein to be less available in the nuclear pool thereby affecting further recruitment of replication and repair proteins onto DNA. Further, the upregulation of WT and mutant PCNA1-GFP proteins following DNA damage suggest the phenomenon to be independent of these residues.
Altogether, these results suggest the importance of Y213 residue in PfPCNA1 function by means of nuclear retention/localization and highlights evolutionary conservation among eukaryotes. Mutation of S191 residue in PfPCNA1, detected in phospho-proteome data of schizont stage enriched P. falciparum parasites (Treeck et al. 2011) did not show much phenotypic alteration in terms of localization in parasites and still complemented yeast PCNA deletion mutant strain. Phosphorylation of S191 may have its importance for protein function, but our data support a direct involvement of Y213 residue in maintaining the nuclear PCNA1 pool crucial for cell survival.
Tyrosine phosphorylation is often involved in critical signaling pathways such as the MAP kinase pathway (Lim and Pawson 2010; Mok et al. 2010) . The absence of recognizable genes encoding tyrosine specific kinases and tyrosine-specific phosphatases in P. falciparum genome (Ward et al. 2004; Wilkes and Doerig 2008; Peixoto et al. 2010; Tewari et al. 2010) and lack of presence of Y213 phosphorylation in the phospho-proteome data of P. falciparum raises the issue regarding the importance of this conserved residue in PCNAs across species. Our results highlight the conserved role of Y213 residue in PfPCNA1 linked with parasite DNA replication and growth not necessarily due to phosphorylation as reported in case of HsPCNA but due to possible subtle alteration in the conformation (without affecting grossly the secondary structure and the trimerization property) when mutated that may affect its nuclear localization and function. Further in-depth analysis will be required to explore whether Y213 of PfPCNA1 is truly phosphorylated in vivo during blood stage or any other parasite development stage.
MATERIALS AND METHODS

Parasite culture and synchronization
Plasmodium falciparum strain 3D7 asexual stage parasites were cultured as described previously (Trager and Jensen 1976) . Parasites were synchronized at the ring stage using sorbitol (5% solution in water).
Bacterial and yeast strains
E. coli DH10β and BL21 codon plus (RIG) cells were used for cloning and recombinant protein expression, respectively. Yeast PCNA mutant strain PY37 (pol30-) was a kind gift from Prof. P. M Burgers, Washington University. Genotypes for each are tabulated in Table S1 (Supporting Information).
Site directed mutagenesis, Plasmid DNA and Yeast expression constructs
Point mutations were generated in PfPCNA1 and PfPCNA2 at Y213 and Y210, respectively and S191 in PfPCNA1 in pET21c or pET28a vectors (Novagen) for His-tagged protein expression and purification, pARL vector for over-expression of GFP fusion proteins in P. falciparum and pRS314 vector for yeast complementation studies. Specific primers (Table S2 , Supporting Information) were used for Y to F and S to A mutation was introduced by invert PCR method followed by DpnI digestion and transformation of DH10β competent cells. Similarly, PfPCNA1 double mutant (DM-PCNA1) was created using Y213F-PCNA1 mutant as template and specific primers for S191A and confirmed by DNA.
Generation of 3D structure of the wild-type and mutant proteins 3D structure generation of PfPCNAs using ScPCNA as a template was performed using MODELER9v7 (http//:www.salilab. org/modeler) as described previously (Mitra et al. 2015) . The location of Y213 and S191 in PfPCNA1 in each monomeric chain was shown in the PfPCNA1 trimer generated after superposing monomer structure onto each monomer structure (3 Dali pairwise structural comparison programhttp://www.ebi.ac.uk/Tools/dalilite/) of PCNA trimer structure of S. cerevisiae using its transformation matrix.
Recombinant protein purification
For the purification His-tagged Wild-type and mutant PfPCNA proteins, E. coli BL21 codon-plus strain was transformed with respective recombinant clones and purification was performed essentially using methods described previously (Mitra et al. 2015) .
Size-exclusion chromatography
For purification and oligomerization of His 6 -WT-PCNA1, Y213F-PCNA1, S191A-PCNA1, DM-PCNA1, WT-PCNA2 and Y210F-PCNA2 mutant proteins, we used 26 ml Superdex 20010/300 GL column (GE Healthcare, Uppsala, Sweden). Briefly, Ni-NTA agarose purified concentrated 0.5 mL protein was loaded on calibrated 26 mL column following the protocol described in supplementary data.
CD spectroscopy
CD spectra were measured on a Chirascan Applied Photophysics U.K. and mean residue ellipticity [θ] was calculated as described in the supplementary data. Further using K2d2 software secondary structure predictions were made.
Yeast transformation
Transformation of the yeast strain (PY37, ScPCNA deletion mutant) with plasmid DNA constructs carrying Y213F, S191A and a double mutant of both in pfpcna1 in pRS314 vector was carried out using Lithium acetate protocol as described previously (Mitra et al. 2015) .
Parasite treatment with genotoxic agents
DNA damage experiment was performed using genotoxic agent, Hydroxyurea (Sigma) with synchronized P. falciparum culture followed by western blot analysis for effect on protein expression upon DNA damage as described previously (Mitra et al. 2015) .
Parasite transfection and live cell imaging
Parasite transfection was carried out by RBC loading method using PCNA mutant constructs in pARL vector (∼100μg DNA) followed by electroporation using Biorad Gene Pulser X Cell using the protocol described in the supplementary data.
Sub-cellular fractionation
The cytoplasmic, nuclear soluble (detergent sensitive) and nuclear insoluble (detergent resistant) fractions were prepared using a modified protocol described previously (Flueck et al. 2009; Mitra et al. 2015) . The fractionation efficiency was assessed by western blotting using antibodies against Histone H3 (NiF marker) and PfAldolase (cytoplasmic fraction marker).
In vitro parasite survival assay
To check for the functional loss of PfPCNA1 upon mutation we analyzed the survival of the parasites after treatment with the genotoxic agents by performing in vitro parasite survival assay as described previously (Mitra et al. 2015) .
Statistical analysis
Western blot band intensities were analyzed densitometrically by the Image J software. Statistical analyses for the in vitro parasite survival assay were done using Microsoft Excel. Differences between means were determined using Student's t test, and P ≤ 0.05 was considered significant. Data were analyzed and reported as the mean and SEM for independent experiments (n = 3). CD data are plotted using Sigma Plot software.
SUPPLEMENTARY DATA
Supplementary data are available at FEMSLE online.
